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Abstract 
This paper is about wireless monitoring of an urban vertical axis wind turbine, focusing on the layered system used for the 
computational framework of sensors, data acquisition, data processing and storage system interconnectivity. A low power 
wireless networks employing ZigBee protocol is used for the sensors modules connectivity. A voltage and current sensor and an 
infrared photoelectric sensor developed for the monitoring are succinctly described. The usability in a Smart Grid environment 
were taken in consideration in the design of the modules, wireless networks creation and the computation engineering. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Exploitation of wind energy conversion into electric energy is reported as in increasing development in the first 
decade of the 21st century [1]. Wind energy conversion integrates the mix generation of power systems and has a 
levelized cost competing with conventional thermal generation in nowadays. Also, wind energy is one of the 
valuable disperse energy sources envisaged for future small scale development in urban areas exploitation [2], where 
the Vertical Axis Wind Turbine (VAWT) has advantages over the Horizontal Axis Wind Turbines (HAWT) [3] due 
to a better adequacy on wind conditions.  
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The pursuit of a new VAWT developed in order to achieve the most desirable design for small scale urban areas 
exploitation motivated the development of a computational framework design for sensors, data acquisition, data 
processing and storage system interconnectivity in order to test the technological innovations proposed in the 
prototype built for the field testing of the VAWT. Also, several sensors were developed over a low-rate wireless 
personal area network (LR-WPAN) with ZigBee standard for the field tests VAWT behavior data acquisition. This 
development was carried out even between tests, because unforeseen circumstances had to be taken in consideration, 
for instance, adapting functionalities to the encountered needs. 
A computational layered framework having seven layers was design to accelerate the development of sensors, the 
modification of functionalities and to facilitate integration with the data acquisition and storage system. This design 
computational layered framework is modular offering the ability to adapt to services in a Smart Grid [4] and to 
future services for the new VAWT. The computational layered framework is not only able of delivering acceleration 
on new developments, but also able of easing modifications and sensor operation. 
This paper is about the computational layered framework developed, the sensors modules used in the testing of 
the prototype built for the VAWT and the corresponding microcontroller programming structures. The rest of the 
paper is organized as follows. Section 2 presents the computational layered framework. Section 3 presents the 
voltage sensor, the current sensor and the infrared photoelectric sensor using ZigBee standard. Finally, concluding 
notes are provided in Section 4. 
 
2. Layered system 
A layered system type is used for the computational framework of the sensors, data acquisition, data processing 
and storage system interconnectivity. Each layer has an option design arranged in order to be technologically and 
structurally independent. This computational layered framework can be transposed to a Cloud architecture system, 
offering the ability to integrate with existing internet Cloud Services.  
Although the main application presented in this paper is oriented for sensor data acquisition, the computational 
framework is design to facilitate the integration of actuators, delivering an approach which is able of introducing 
acceleration on the integration in Smart Grid services. The computational layered framework system developed is 
shown in Fig. 1. 
 
 
 
Fig. 1. Computational layered framework. 
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The computational layered framework in Fig. 1 is modular having seven layers and not only eases the creation of 
services, but also allows new developments. 
A succinct illustration for the eventual hardware implementing the computational layered framework system 
developed is shown in Fig. 2. 
 
 
 
Fig. 2. Computational layered framework system. 
Both Fig. 1 and Fig. 2 are intended to give the main computational involvement of the design computational layered 
framework system. Part of the functionality introduced on each layer and the interaction between the layers are as 
follow: The first layer is the sensor/actuators modules layer (1). This layer comprises the modules of the sensors and 
actuators. If necessary the first layer can have local data processing. The interaction between the sensors/actuators 
modules layer and external systems is made over the sensors/actuators gateway layer (2) that impersonates the 
modules and takes care of the modules security and the wireless personal area network (WPAN). The 
sensors/actuators gateway layer connects to a sensors/actuators application services layer (3) that takes care of the 
communication between the gateway and other external systems. The sensors/actuators application services layer (3) 
can process the acquired data from the sensors before deliver it to a data base services layer (4) and at the same time 
inquires the data base services layer (4) for any activity or configurations needed to be sent to the modules. The data 
base services layer (4) stores the processed data sent from the sensors and actuators, the actions needed to be taken 
from any actuator and the configurations needed to be sent to the modules. The business intelligence services layer 
(5) is oriented for high level data analysis like forecasting modulation, needing extra processing server capabilities. 
The end user application services layer (6) creates an interface between the end user and the services delivered by 
the other layers, offering services design for that propose, with special attention to the interaction with the 
sensors/actuators modules. The end user services layer (7) connects to services available in the end user application 
services layer (6), offering the ability to interact with the behavior of the sensors/actuators and its data. The end user 
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application services layer (6) can also use business intelligence services with the data processed and offered by the 
business intelligence services layer (5). 
Different security measures can be applied in each layer in order to increase the security by the implementation 
of specific layered measures against cyber-attacks. Also, the interaction between the layers is independent of the 
used technologies, offering the ability to change the technological solution of any of the layers without affecting the 
functionality on other layers. 
 
3. Sensors 
Sensors were developed from scratch for the VAWT prototype behavior data acquisition even during the field 
tests the sensors functionalities were adapted to the needs of each field tests, implying redesigns in order to fulfill 
the needs. This development not only accommodated the needs, bat also had been done in the regard that the 
connection between all the sensors and the sensors gateway is made with a LR-WPAN. This LR-WPAN was created 
using the ZigBee standard.  
The ZigBee standard is a specification of high level communication protocol based on the IEEE 802.15.4, a 
standard for a LR-WPAN, extending that definition by developing the higher layers of the standard [5,6,7,8]. This 
standard has the advantage of being reliable, low power, low cost and efficient for information networks. Hence, due 
to these advantages no other option was considered for the testing. 
The ZigBee modules used for the sensors are the Digi XBee ZB with: an indoor/urban range of 40 m; an outdoor 
line-of-sight range of 120 m; a data rate of 250 Kbps; a transmit power of 1.25 mW and in boost mode of 2 mW; a 
receive sensitivity of 96 dBm in boost mode; a frequency band of 2.4 GHz. Several sensors for measurement data 
acquisition were developed. To facilitate installation all sensors have data processing capability and a ZigBee 
module. The voltage and current sensor and the infrared photoelectric sensor are succinctly described in the next two 
subsections. 
 
3.1. Voltage and current sensor 
The voltage and current sensor is an AttoPilot Voltage and Current Sense Breakout of 180 A, maximum voltage 
of 51.8 V and maximum current of 178.8 A, analogic output of 3.3 V. The analogic signals are processed by an 
Arduino board before the correct voltage and current is sent to the gateway. 
The XBee module is configured with a yellow light emitting diode (LED) connected in pin #6 to inform if the 
XBee module is inserted in a WPAN and a red LED connected to the pin #15 to inform if the module has power. 
The Arduino board has a serial connection to the XBee module over the XBee pin #3 (receive) connected to 
Arduino pin #D1 (transmit) and the XBee pin #2 (transmit) connected to Arduino pin #D0 (receive). The XBee pin 
#1 is connected to a 3,3 V power source and pin #10 is connected to ground. The voltage and current sensor 
hardware is shown in Fig. 3. 
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Fig. 3. Voltage and current sensor hardware. 
The connections between the AttoPilot Voltage and Current 180A, the Arduino and the XBee for the voltage and 
current sensor schematic are shown in Fig. 4. 
 
 
 
Fig. 4. Voltage and current sensor. 
The Arduino processing logic, namely the microcontroller programming structure consists on the initialization 
for the variables, the preparation for the analog input of current and of voltage and a loop. The loop has two 
processes and sends the data to the wireless gateway. The two processes are the following: Process 1, for reading 
and calculating the current value; Process 2, for reading and calculating voltage value. The Arduino processing logic 
for the voltage and current sensor is shown in Fig. 5. 
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Fig. 5. Voltage and current sensor Arduino processing logic. 
3.2.  Infrared photoelectric sensor 
An infrared photoelectric sensor is use to assess a measure for the VAWT rotary motion. A high-intensity 
infrared LED is used in conjunction with an infrared photoelectric sensor to count the VAWT rotations. When an 
object is in a position between the infrared LED and the photoelectric sensor interference is detected enabling the 
counting of the rotations. The infrared photoelectric sensor hardware is shown in Fig. 6. 
 
 
Fig. 6. Infrared photoelectric sensor hardware. 
A potentiometer is used connected to pin #3 of the Arduino to control the intensity of the infrared LED. The infrared 
LED is connected to Arduino pin #2 and the photoelectric sensor is connected to pin #5. The XBee module is 
configured with a yellow LED connected in pin #6 to inform if the XBee module is inserted in a WPAN and a red 
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LED connected to the pin #15 to inform if the module has power. The Arduino board has a serial connection to the 
XBee module over the XBee pin #3 (receive) connected to Arduino pin #D1 (transmit) and the XBee pin #2 
(transmit) connected to Arduino pin #D0 (receive). The XBee pin #1 is connected to a 3.3 V power source and pin 
#10 is connected to reference potential, i.e., the ground. The infrared photoelectric sensor schematic is shown in 
Fig. 7. 
 
 
Fig. 7. Infrared photoelectric sensor. 
The infrared photoelectric sensor Arduino processing logic, namely the microcontroller programming structure 
consists on: the initialization for the variables; the preparation for a digital output, a digital input and an analog 
input; a loop. The loop has the following processing: collects potentiometer selection and sets the intensity of the 
infrared LED; validates the photoelectric sensor signal, process the counting of the VAWT rotary motion; validates 
the data in order to transmit the data with at list an interval of one second for the gateway. The infrared photoelectric 
sensor Arduino processing logic, namely the microcontroller programming structure is shown in Fig. 8. 
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Fig. 8. Infrared photoelectric sensor Arduino processing logic. 
3.3. The layered system and the sensors 
The computational layered framework presented in section 2 was applied to the sensors developed for the VAWT 
prototype behavior data acquisition. The sensors/actuators modules layer (1) comprises the ZigBee modules with the 
voltage sensor, the current sensor and the infrared photoelectric sensor. A ZigBee WPAN coordinator module is 
used to serve as sensors/actuators gateway layer (2). To serve as sensor/actuators application services layer (3) a 
software application was developed to connect to the ZigBee coordinator module, collect the received VAWT 
prototype behavior data and to store it in structured files. The files based data storage function as a data base 
services layer (4). The stored data is analyzed at the end of the VAWT prototype field tests with different software 
applications, which constitute the business intelligence services layer (5). The analysis results are saved in an end 
user readable format representing the end user application services layer (6). 
3.4. Zigbee module signal validation 
Several concerns arise when installing a Zigbee module, whether the information is able to arrive to its 
destination and without errors or faults. For the field testes the Received Signal Strength Indicator (RSSI) 
information and the loss of data where tested. The tests were made to the signal strength between modules using 
RSSI to validate the positioning. 
In most observed environments and without obstruction, the radio signal strength Ss falls as some power β of the 
distance and is called the power-distance gradient or path-loss gradient. With a transmitted power Pt, after a distance 
d in meters, the signal strength is given by: 
 dPSs t    (1) 
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The signal propagates in all directions and the strength density at a sphere of radius d is the total radiated signal 
strength divided by the area of the sphere (4πd2). The relation between the transmitted power Pt and the received 
power Pr is [9]: 
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where the Gt and Gr are the antenna gains of the transmitter and receiver respectively, d is the distance between the 
transmitter and the receiver and λ is the wavelength of the carrier which is affected by the ZigBee channel. Defining 
a reference Pref for d=1m given by: 
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Substituting (3) into, Pr (2) is given by: 
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In embedded devices, the received signal strength is converted to a RSSI which is defined as ratio of the received 
power to the reference power Pref and is given in dBm, an abbreviation for the power ratio in decibels of the 
measured power referenced to one milliwatt. Hence, RSSI is given by: 
ref
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In the ZigBee modules is possible to get the RSSI value of a certain device by using internal AT command, 
which returns the received signal strength in –dBm of the last received packet. Is also possible to read the RSSI 
value using pin #6 or if in API command receive this value in the acknowledge message. 
A transmission can be affected by moving obstacles or sporadic interferences leading to a mislead value. In the 
field test, several n RSSI values are read and then an average value is taken as in [10], being this methodology called 
Statistical Mean Value Model (SMVM) model [11]. The final RSSI value is given by: 
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The RSSI value only reflects the received signal strength of the last message hop, and not the signal strength of 
all the routers (multihops) neither the general quality of the transmission. So if a device is connected to a router, the 
RSSI value only represents the signal strenght between the last router and the device and not between the ZigBee 
coordinator sending the message and the device. The value only reflects the signal strength of the last received 
message, so a message must be send to get an updated RSSI value. 
4. Conclusions 
A voltage sensor, a current sensor and an infrared photoelectric sensor were developed for a VAWT prototype 
behavior data acquisition to be used in the field tests. The modules are interconnected with a LR-WPAN using 
ZigBee standard compliant modules. The data acquisition and analysis follow a layered computational framework 
system type. The computational layered framework offers an easy integration for the sensors, redesign and acquired 
data analysis. 
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